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1. INTRODUCTION

The traditional "articulatory" phonetic theory of Melville Bell. (3]. supported the view that the phonetic
quality of vowels is derived from the position and height of the point at constriction of the tongue.
“The most successful outcome of this idea, and one still in use for vowel description. is the set of
“cardinal vowels' devised by Daniel .bnes”. [5]. The typical IPA quadrilateral diagram shows the
relative vowel qualities for the English language according to hypothetical positions of the tongue for
front-back and high-low. dimensions. Ladetoged correctly observes; [7]. that phoneticians may have
been using these articulatory desaiptlons as labels to specify acoustic dimensions rather than as
descriptions of actual tongue positions. This is continued by the construction of the vowel
quadrilateral. Although Jones started his cardinal vowel system by defining articulatory
configurations for two of the cardinal vowels fl] and lal. the positions at the other six cardinal vowels
were based on these two anddefined according to the number of auditorin equidistant steps
between fl! and la]. [7]. Therefore the cardinal vowel system is best described by auditory qualities
rather than articulatory specifications. Most of the cardinal vowels. often called pure vowels because
of their single stable auditory quality. have not been adequately described in terms of their
corresponding stable articulatory configuration. These cardinal vowel target configurations are the
basis for the vowel maps described in this paper. Similarty front—back and high-low directions are not
fully related to articulatory movements of the tongue. Jones implies that the specifications of tongue
position suggest an invariant tongue position for cad: vowel quality. This is not true : several
experimental investigations. [It]. [9]. showed that speakers can produce vowets with the same
auditory quality using compensatory articulation, etg. jaw aperture. larynx height. lip radiation. This
important limitation is mostly evident bemusa of the modem method used to construct vowel charts.

Nowadays. vowel charts frequently used in speech training packages. are based on formant
frequency. thefront-beck direction corresponds to F2-F1 and the high-low direction corresponds to
F1, There are several arguments favouan the use of whole spectra. [1]. instead of tonnants
extraction. First. the algorithms designed to estimate the short-term spectral envelope are relatively
fast compared with the speed of the more complex algorithms needed in formant detection. Second.
not all the phoneme categories can be represented sutficientty by famant patterns. as Rabiner and
Schafer observe, [10]. “in most consonants the first formant is either not observable or at a very
low frequency. The frequency of the first formant will be at a minimum in most consonants in
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which there is an articulatory dosure. but the frequency of the second formant varies
considerably". Third the formants ot misartiwlated sounds are otten poody defined. and fourth the
two-formant plot does not usually account for F3. which also contributes to vowel quality. [2]. For
these reasons. contrast between oonsonantal production. and secondary articulation is not feasible.

We propose here an alternative method which we call optlco-accuatlc articulography (OPTACIA),
which maps not only vowels but my speech sound fromaooustice to ZD articulatory positions. in this
paper we demonstrate the method by attempting to construct an extended version of a
'quadrilateral' vowel map. '

2. Map Construction

2.1 Acoustic vector representation

In capturing the spectral envelope tor. the speech it is desirable to reduce the effects at pitch in
order to focus on the time-varying properties of the articulators. We therefore chose cepsbal
analysis to deconvolve the vocal tract filter. OLTK. a sottware developed by the authors, [6]. uses
met-frequency cepstral ccefiicients as its acoustic vector representation. Eight coefficients together
with overall energy are used. The OPTACIA map was created by first defining the positions of
articulators for the minimal set of reference sounds. ‘cardinals'. needed to construct the map (§2.3).
This is the relationship between the acoustics and articulation used in the sort of transformation we
imply here. The acoustics were produced by pronouncing these sounds in isolation and prolonging
them tor 30secs. Then they were subjected to cepstral analysis. and the resulting labelled 9-
component vector termed the training input to a multilayer perception (MLP). which has two
outputs.correspondingtoatoreanndeositionsonthemapchosenforeadioneofthe
articulatory gestures ot the cardinals.

2.2-Artlticlal neural network (ANN) mapping

If we consider the ANN as a mapping tunaion from an input space. the 90 cepstral representation.
to an output space. the 20 coordinates of a specific articulatory configuration. then if every part of
is input space that has been trained with sufficient representative acoustic vectors the ANN should
behave consistently. In practice this means that a small difl‘renence in the acoustics corresponding to
a specific gesture will result in mapping onto areas close to the fixed points defined for the
‘cardinals'. Two questions arise here: how similar the acoustits of speech production have to be to
those used for training the map. and what kind of mapping we get for acoustics that correspond to
vocal tract configurations that differ significantly from those used in the training stage. Two important
observations are made here by Bishop. [4]: first. there could be a lower dimensional space where
our data points can be restrided. assuming that features are generally correlated in some way; and.
second. we hope that ‘the value of the output variables will not change arbitrarily from one region
of input space to another: but will typically very smoothly as a function of the input variables. Thus,
it is possible to infer the values of the output variables at intermediate points. where no date ls
available. by a process similar to interpolation". We comment on these effects in the next
paragraph.
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2.3 The OPTACIA cardinal maps

2.3.1 Articulatory definition on the minimum set of our cardinal vowels

We mentioned in the introduction. that Jones started his cardinal chad by defining articulatory
configurations for the two vowels that appear to be at the limits of articulation for the tongue-jaw
combination: til n'ost high and front and or most low and back. We similarly started by fixing
positions in the map for the gestures of these two vowels. 'iii is produced with the tongue as high
and as Far forward in the mouth as it is possible to go without causing audible friction, [a] is
produced with the tongue as low and retracted as possibie'. [5]. With only these two vowels the
ANN does not have enough information to generalist; the outputfor the ceptstral represenaticn of the
other cardinals in the vowel space. For example the [as] sound woutd be plotted close to the area at
the or sound. Therefore we needed to define and train the network to distinguish and learn a more
acmrate mapping between the positions of a minimum of four cardinal voweie. (Figure 1). So we
trained the ANN for the lee! sound, produced with the jaw as down as possible and the tongu blade
at a sligth raised position or the tip slighty retracted. (otherwise the sound qualityis that of an ir‘l).
Finalty tor iui the jaw is at the same position as that of iii but the tongue is retracted. it is important
to mention here that we were raful to ensure that productions of these four cardinal vowels were
made without any lip protneion and rounding or tip spreading. However. another parameter. the
Width' of the vowel, which is related to the movement of the root of the tongue was active during
our productions. For example iii was pronounced with the root of the tongue being advanced. drawn
forward. and widening the larynx.

Fitlm 1= Fixed WWW 0' ‘0'” “m‘m' W5 Figure 2 : Gliding from iii to feel to rat to M.
lil'lael'lal‘m’ Gliding from Ill to feel passes through the

junction of ii sound. Dark squares indicate the
frame-by-frame acoustics mapping
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2.3.2 Lingual mapping

Once we built the map we made the “gliding test“. This is simply a test where the speaker is allowed
to very only the tongue and jaw in order to glide from It! to Joe! to is! to Jul and back to Jit. (Figure

2). This way we test the vowel height and vowel trontness and see how they ooreltate with the
rnovementotthetongue andjaw.Asweoansee in Figurez theontydireofionofglidlngwherethe

map failed to generalise was that of fu‘ to feel, where passing through J3 quality causes the network
to divert mapping and plot the sound close to the M area of the map. All other directions were
plotted consistently. In response, the next step was I: create another map with five mete this time.
by fixing a position ofthe cardinal Vowel til. (Figure 3). Ohis improved the plotting direction at glide

from lit to test. passing from the intermediate position of the I! sound. According to phoneticians this
is also what oneexpects for the dipthong Jail, (Figure 4). Because of the vowel space continuum.
we get a transition that passes from the artimttory area of the II sound. Mapping is also consistent
when plotting the acoustics of the articulatory target of lot. despite the fact it has not been trained
with samples of this vowel. This is plotted close to the mapped area of the tut target Homes the
direction of the glide between Jail and Jul, (Figure 5).

 

      

    

   

 

Figure 5 : Pmduolion ot the
Jot sound and the relevant
mapping.

Figure 3 : Gliding from lit to Jae! Figure 4 : Testing the
to Jél to Jul. This time with the produch ofthe dipthong Jail
additional target 0le somd.    

  

3. The mapping effect of secondary articulation

3.1 Labialisation

in general, lebiatisetion has the effect of plotting sounds near the areas of the cardinal vowels, In the
case ct‘ Jet the rounding of the lips produced eoousa'os similar to those for an lot or Jul sound and
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the mapping was along the direction of rat - Jul. (Figure 5). On the other hand lip spreading on the
same vowel caused the ANN to map the acoustics along the lat - feel direction, (Figure 9).
Simiarly.mundingfltelipswhflewoduchgutefi/soummthmkwbweredefitfleemmm
slightly retracted produces the Iyl vowel whose aural quality is close to that of the In], (Figaro 7).
Finally applying tip spreading on the Jae] configuration gave a different quality to that sound bu.
mapped relatively cloee to the lee] area, {Figure 8).

 

Figure 6 : The vowel feel produced with lip Figure 7 : Visual contrast between the
productions at lit and M

 

.Frontnese

Fleur-M The efiecloflip round'mgonmerél Figures: Theeflectonipspmadhganmm
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3.2 Nasatisatlon - Rhotectsation — Pharyngealtsation

Two more examples on the mapping effect of secondary articulation are the nasalieed and
pharyngealised versions at the It! sound. The fret was produced by keeping the same linguatjaw
configurafion as fit but raising the velum and the second by narrowing the pharynx with the root of
the tongue. While oesalisation mede the sound close to the area at til, (Figure 10).
pharyngelisation mapped it further away and closer to the lat area. (Figure 11). Another quatin we
examined was the motoring of a vowel. In the case of tel. rainsing the tip of the tongue. gave us
this quality. As a result the r-ootored sound was mapped near the lee! sound. (Figure 12).

Figure 10 : Visual contrast Figure 11 : Visual contrast Figure 12 : Visual contrast
betweennormal production dart betweennonnalproductionot betweennorrnatpmduotionof
Nsoundandanasatisedonefi-I an fit sound and a an last sound and the r-

pharyngealised one li+l colored version of it tar].

 

3.3 Consonantal production

It is interesting to see what happens it we try to produce a consonant on the vowels map. We took
first as an example the voiced sibllant frioative lat. Although perceptually fu‘ and [2! are very
dissimilar. there is a close match between the articulatory configurations of the two sounds. The
main artiouhtory dtti‘erenoe is the degree detrictme between the tongue and the palate nd in the
caseoflzlthewngue‘rsraisedaIittteandretractedhomthefdoonfigurationmproduoethelzl
sound. Thus the plotted position of the Izl sound is close to that for an III sound. (Flgure 13). This
can be explained ifwe remember that the ANN tries to generalise and find the dosest match to what
has steady been trained with. This can be further justified by studying the plotting tor the lz-ael
syllable, a similar case to the production at the lat! dlpthong. There is again the transition that
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passes from the area at the li sound and the plotting along the direction at fit-Jae]. 1

328 Proc.l,O.A. Vol 23 Part 3 (2001)



 

Proceedings of the Institute of Acoustics

 

Figure 13 : Mapping of the {21 sound and the Figure 14 : Mapping oi the Ill sound and the
tansition to the feel sound. transition to the feel sound.

 

A more detailed mapping

      
Flgure 1!! t The testing of the .‘H. li-h', M
and fol sounds on a more detailed cardinal

"18F

 

Flame 15 : A cardinal map with ten vowels
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lnordertcdefine andvisualieemorecbaalytherelationshtp between theacoustiaand various

articulatory configurations we designed emitter map. (Figure 15). with ten targets. We used two

exhalargetstomapthenasatised. pharyngealised lilata position veryctosetothefiiandthree
more targets tor the articulatory configurations oi III, M and lot. A testing at this more detailed map

can be seen in Figure 15. The production of syllable Il-eel was also tested in the same map and
transition was plotted. (Figure 14).

4. Envisaging the future of optico—acousttc articulography

There has aMeye been a major difficulty in relating the uditory qualities of the sounds we produce

with the rrmernent oi the articulam. This mainly due to the fact that instrumentation to achieve

this is expensive. complicated. and invasive, e.g. eiectmpalatography. etedcmagnetic articulography

and others. Optacia offers an attractive alternative by simply relying on caphirtng the acoustics oi

speech production and using the traditional source-filter model to relate them with articulation.

Although the two-dimensional space is proved to be inadequate to map the ecoustka frcrn a much

higher dimensional space. the simple and innovative technique offering articulatory configurations on

a maelomisad map and using an artificial neural network to generalise and learn the space between
them seems to matte the necessary step to visualise the kinematics of certain articulatore white the

accusticsofonephcneblandintot‘toseotthe next. Itcerlaintycutsoutmanyofthelimitatiunsthat

appear on the traditional mat chart. Most impodantty because of the way optacia is designed.

each sound can be adequately described by defining the positions of articulators. In this way we

make an effort to move away from the traditional abstract notion of the phoneme target with

auditory qualities to that at an articulatory target with an articulatory description. Then we try to see

what is the effect on mapping by varying certain properties of the articulates. In this way. these

targets work like poles at attrad'ion and it is interesth to see how far from the target the produced

somdismapped.whethertheaccuslicshaveradicalty cl'langeda'notandwhatha'theshapeci

thevocaltracthas chengedsignificantty. Itisetso interestingtcstudy andseewhatprcpediesol

thearticutatcrswevarchglIdefmmonaconfigurationtoanother.Therehaanotbeensofara

systematic analysis and desa-iption on how the distinl: sounds. phonemes. we produae can vary
homereferenuepointbyrmvingourariiwlators. and hewthegliding losornaotherdistinctscundis
achieved. This includes also the limits on which a certain arthriatory target can mange and still

consider it as a variant form.

there'snmchresearchtnbedcneh tttspedficma.0ptadaisonlythebegiming.themethod

needstobebetterdotinedanddesa'ibedbutt‘iaauthorsbelievethatwehaveatreadyreacheda

stagethatthe community can benefit Mtetherasateaching lociforphonetics. orasatrainingtocl in

speech baining.txperhaps even asa tooltolestsome phonetic theories. Thetuture will show what

oflhesecanbetrue.
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